In the present contribution several advanced electron microscopy techniques are employed in order to describe chemical and structural features of the nano-and microstructure of a Ni 45.5 Ti 45.5 Nb 9 alloy. A line-up of Nb-rich nano-precipitates is found in the Ni-Ti-rich austenite of as-cast material. Concentration changes of the matrix after annealing are correlated with changes in the transformation temperatures. The formation of rows and plates of larger Nb-rich precipitates and particles is described. The interaction of a twinned martensite plate with a Nb-rich nano-precipitate is discussed and the substitution of Nb atoms on the Ti-sublattice in the matrix is confirmed.
Introduction
Nb additions in Ni-Ti increase the hysteresis up to 150°C after a single deformation treatment [1] [2] [3] [4] . The most popular hypothesis for the explanation of this phenomenon is that a plastic irreversible deformation of Nb-rich precipitates is hampering the shape recovery whereas also elastic strain energy stored in the precipitates may shift the transformation starting temperatures [2, 5, 6] . Although this hypothesis has been proposed in several papers, a microscopic explanation for the mechanism of hysteresis increase is not available as yet since there is little detailed documentation on the nano-and microstructure of the Nb-rich precipitates. In the present contribution several advanced electron microscopy techniques are employed in order to elucidate chemical and structural features of the nano-and microstructure of this system, which may at some point shed more light on the different contributions of these to changes in the transformation temperatures.
Materials and Methods
Ni 45.5 Ti 45.5 Nb 9 was produced by arc melting under a protective atmosphere. The alloy has been remelted 12 times before drop casting for rapid solidification and cooling [7] . For details on the SEM and TEM sample preparation we refer to a more dedicated contribution in these proceedings [8] . The secondary electron SEM observations and slice-and-view were carried out on a FEI Nova 600 SEM/FIB instrument. The 3D reconstruction is performed in Matlab © and Amira © based on the SEM images from the slice-and-view. The energy dispersive Si(Li) X-ray (EDX) work was performed in STEM mode in a FEG TECNAI F20-ST. For the high-angle annular dark field (HAADF) STEM imaging and electron energy-loss spectroscopy (EELS) an FEI TITAN 80-300 with double aberration correctors was used at 300 kV.
Results and discussion
Although the existing experimental [4] and simulated [9] phase diagrams of the ternary Ni-Ti-Nb system still show some substantial differences in the concentration values of special points, it is generally accepted that adding Nb to an equiatomic Ni-Ti alloy will induce a eutectic solidification from above appr. 9 atom percent Nb. While commercial alloys are often extruded and annealed, the present study will mainly focus on well-defined as-received and heat-treated samples in order to try to distinguish the different effects of the various structural features on the transformation temperatures. Fig. 1a shows a SEM image clearly revealing the expected structure of the as-received hypoeutectic Ni 45.5 Ti 45.5 Nb 9 alloy with the darker regions being the Ni-Ti-rich -phase and the greyish areas the globular  eutectic. In Fig. 1b a low magnification HAADF-STEM image of the matrix is shown. Close to the edge of the thinned foil, rows of nano-precipitates can be observed. From EELS mapping presented in Fig. 1c these nano-precipitates are shown to be Nb-rich, while the matrix in Ni-Ti-rich. The high-resolution image and the corresponding FFT presented in Fig. 1d reveal the cube-on-cube relationship between the precipitates and the matrix while it also shows that these nano-precipitates line up along the cubic [100] directions of the matrix. The Moiré-like contrast inside the precipitates is due to the particular choice of the HAADF-STEM camera length and indicates that they are submersed in the matrix. The appearance of these precipitates indicates that the rapid cooling of the as-received sample through the two-phase region is clearly not fast enough to avoid nucleation and growth of the Nb-rich precipitates. As shown in Fig. 2 [10] as well as on slightly larger precipitates in a commercial (Ni-Ti)Nb8.4% alloy [11] . Detailed EDX analysis of the element concentrations in the matrix and the large Nb-rich particles in the eutectic reveal that the -matrix is Ni-rich and that more Ti than Ni is dissolved in the Nb-rich -phase. The latter confirms earlier reports on the preference of Nb for Ti over Ni [12, 13] . As a result the Ni/Ti ratio of the -matrix is above 1 leading to a decrease in transformation temperatures when compared with the equiatomic case [4, 14] . This is confirmed by the DSC run shown in Fig. 2a from which values of Mp = -57°C and Ap = 13°C can be measured. However, as seen from Fig. 2b , in some circumstances also a set of smaller DSC transformation peaks was observed at Mp = 0°C and Ap = 42°C, indicating the existence of some austenite with lower Ni content. It is assumed that this corresponds with the -matrix occurring inside the eutectic areas, which can indeed have a lower Nb content and thus a lower Ni/Ti ratio due to rapid cooling. When the as-received material is annealed for a certain time in the two-phase region, e.g., at 900°C, two phenomena will occur. First, since the Nb-solvus line has a negative slope, the large Nb-rich particles in the eutectic areas will have to increase their Nb content by collecting Nb atoms from the -matrix inside or surrounding the eutectic. This process is similar to the globulisation or spheroidisation of pearlite in quenched steel upon annealing [15, 16] and yields the shrinking of the original eutectic Nb particles into strings of particles appearing as a back-bone type image as indicated with large arrows in Fig. 3a . Moreover, this shrinking leaves a rim of aligned Nb-rich particles at the original edge of the eutectic area (small arrows in Fig. 3a ) resulting in plates of Nb-rich particles as shown in Fig. 3 of [8] . Such a plate of particles can be expected to have a serious influence on the martensitic and reverse transformation temperatures of the matrix due to the pinning of the moving interface as was concluded from in-situ TEM investigations in the similar commercial (Ni-Ti)Nb8.4% alloy [11] .
Second, the existing nano-precipitates shown in Fig. 1b will grow upon annealing and may still be observed as lines of precipitates inside the -matrix (arrowheads in Fig. 3a) . These lines indeed still correspond with one-dimensional rows as seen from the FIB/SEM slice-and-view image in Fig. 3b . In both cases the matrix is further depleted in Nb and the Ni/Ti ratio decreases towards 1 resulting in an increase of transformation temperatures, as seen from the DSC in Fig. 2c . From the latter values of Mp = 13°C and Ap = 63°C are measured for an annealing of 3h at 900°C, with Ms reaching 23°C. Due to small remaining composition inhomogeneities this can imply that in some regions the sample can transform into monoclinic B19' martensite at room temperature. This was indeed observed as shown in Fig. 4a where a twinned martensite plate passes by and touches a Nb-rich precipitate. From the morphology of the twinned martensite plates it seems that the original twins are parallel to the (110) planes of the austenite (same index for the -Nb structure), while a new set of variants is created when the plate reached the precipitate, as seen inside the white square in Fig. 4a . The new variants have their twin plane parallel with the austenite (101) planes. In Fig. 4b an enlarged contact area (white square in Fig. 4a ) is treated by GPA from which it is confirmed that both variants of this new martensite have a different correspondence with the precipitate. Also, inside the precipitate some dislocation contrast is observed indicated by white arrows, contrary to the precipitates surrounded by austenite which appear undeformed [8, 11] . This could be a first indication of plastic deformation of the Nb-rich precipitates following an interaction with a growing martensite plate. A more in-depth investigation of such contact regions may further provide insight into the influence of the Nb-rich precipitates on the progress and reversibility of the martensitic transformation.
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European Symposium on Martensitic Transformations So far the effect of the element concentrations in the austenite has been related to the Ni/Ti ratio, following the well-known decrease of Ms with an increase of Ni [4, 7] and earlier suggestions for the present system not to include the small amount of Nb in the balance [17] . However, although the above-mentioned averaged EDX results seem to confirm the validity of this choice, no firm arguments for the latter exist so the need for accurate information on the Nb content of the matrix remains important. Using the Z-contrast dependence of HAADF-HRSTEM images supported by statistical parameter estimation quantitative detail on the Nb occupation in the Ni-Ti matrix could be obtained. In Fig. 5 [001] HAADF-HRSTEM images of as-cast binary Ni 51.7 Ti 48.3 ternary Ni 45.5 Ti 45.5 Nb 9 are shown together with the respective histograms indicating the intensity distributions in the atomic columns, obtained from two-dimensional Gaussian fitting [18] . A first observation is that the atom columns belonging to one of both pure Ni or Ti sub-lattices in Fig. 5a , as observed in this orientation of the ordered B2 structure, reveal some strong variations. So far it is not clear whether these intensity variations are due to intrinsic nano-structural differences such as vacancies, anti-site atoms, single-atom surface steps etc. or to statistical variations possibly enhanced by surface contamination. Still, from the corresponding histogram in Fig. 5c it is clear that the averaged Z-contrast can still properly distinguish between the Ni (Z=28) and Ti (Z=22) columns. On the other hand, from the image in Fig. 5b and histogram in Fig. 5d of the ternary system it is clear that both sub-lattices are now virtually indistinguishable which is attributed to the substitution of Nb (Z=41) on the Ti sub-lattice thereby increasing its average Z-contrast intensity and confirming earlier results [12, 13] . However, probably due to a too large thickness of the TEM foil (> 70 nm), actual comparisons with simulated images proved to be impossible so that the exact occupation of Nb on the Ti sub-lattice could not as yet be determined. 
